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Aeromechanics Laboratory
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Abstract

A piloted simulator experiment
designed to asscss the effects on overall
system performunce and pilot workload of
variations in control system characteris-
tics and display format and logic for a
nighttime attack helicopter migsion is
described. The simulation facility pro-
vided a representation of a helmet-mounted
display image consisting of flight-control
and fire-control symbology superimposcd on
the background video from a simulated
forward-looking infrared sensor. Control
systems ranging from the buseline stability
and control augmentation system to various
hover augmentation schemes were investi-
gated together with variations in the for-
mat and logic of the superimposed symbology.
Selected control system and display fail-
ures were also simulated. The results of
the experiment indicate thut the baseline
control/display system is unsatisfactory
without improvement for the evaluation task
which included a hovering target search and
dcquisition. Significant improvements in
pilot rating were achieved by both control
system and display variations,

Notation
Als Lateral swashplate angle, deg

B‘s l.ongitudinal swashplate angle, deg

ChX Longitudinal cyclic control director
deflection, deg of arc

cpy Lateral cyclic control director
deflection, deg of arc

CDzZ Collective control director deflec-
tion, deg of arc

Fov Field of view

g Acceleration due to gravity,
9.81 m/scc?

h Altitude above ground level, m
h Instantaneous vertical speed, m/sec
Presented at the 36th Annual National

Forum of the American Helicuptier Society,
May 1980.

K( ) Control director gain, deg/( )
NOE Nap of the Earth

PR Cooper-Harper pilot rating

s Laplace operator, o f juw

UK( ) Control system gain, deg/( )

X Longitudinal position error, m

X Longitudinal inertial velocity, m/sec

X Estimate of x, m/sec

y Lateral position error, m

y Lateral inertial velocity, m/sec

§ Estimate of y, m/sec

Z, Heave daumping parameter, sec™?!

64 Pilot's lateral cyclic control posi-
tion, cm

b Pilot's collective control position,
cm

8o . Pilot's longitudinal cyclic control
position, cm

61 Pilot's directional control posi-
tion, cm

fg Main rvotor collective pitch, deg

OrR Tail rotor collective pitch, deg

Introduction

Investigations of methods by which
highly maneuverable advanced helicopters
can be made to function — with reasonable
levels of pilot workload — as stable plat-
forms for target designation or weapon
delivery at night and under adverse weather
conditions form a major area of rescarch
at the U.S. Army Aeromechanics Laboratory,
Two candidate techniques under investiga-
tion are: (1) modifications to the heli-
copter's control system that alter the air-
craft's response to pilot control inputs
and to external inputs, such as turbulence;
and (2) variations in the methods by which
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critical information is displayed to the
pilot in an attempt tc reduce the effort
required to interpret and respond to a
given situation wgilo still maintuining a
satisfactory level of system performance.
In support of this area of research, a
piloted simulator experiment was designed
and conducted to assess the effects on
overall system performance and pilot work-
load of variations in control system char-
acteristics and display format and logic
for a nighttime attack helicopter mission.
This paper describes the experimental
design and conduct and presents the major
results and conclusions of that
investigation,

The requirement that military rotary-
wing aircraft operations be conducted at
night and under other conditions of limited
visibility has given impetus to research
programs designed to investigate interuac-
tions of the elements of the pilot-aircraft-
display system for various helicopter mis-
sions. Control/display handling qualities
research, both generic and specific in
nature has been applied to particular VTOL
alrcraft tasks; Reference 1 presents a sur-
vey of the results of investggations of
the helicopter decelerating instrument
aﬁproach task, and Reference 2 describes
the results of research programs addressing
the problem of VTOL aircraft hover and low-
speed operations during reduced visibility
conditions, The investigation described
herein extends the exgerimental approach
found applicable to the tasks addressed by
these references to the Army's requirement
to conduct attack and scout helicopter
missions at night and during conditions of
limited visibility.

The task under consideration for this
experiment consists of several eclements of
un attack helicopter mission conducted at
night; specifically:

1. Low-speed, low-altitude flight
2. Deceleration to a hover

3. Precision hover

4, Unmask

S. Target scarch and acquisition
6. Remask

This demanding task is exacerbated by the
hostile environment in which it is con-
ducted. In addition to conditions of
severely limited external visual cues, the
mission is flown over terraln that is
usually unfamiliar to the pilot, in unknown
winds, in turbulence, and with a constant
threat of detection by the enemy. To com-
pensate for the lack of real-world visual
cues, the pilot is provided with a limited
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Field of view (FOV) black-and-white video
image of the outside world. Because of the
limitations of this video image, a multi-
tude of symbols desligned to assist the
pilot in navigation and control of flight
are superimposed on the background imagery.
Additional symbols are superimposed on the
navigation and flight control symbology to
provide the pilot with the information
required to achieve his ultimate objective:
successful weapon delivery. The difficulty
of the piloting task, the hostile environ-
ment, and the complexity of the aircraft
systems all contribute to the high pilot
workload inherent 1ln this attack helicopter
mission. A primary purpose of this and
similar research efforts is to investigate
methods by which the pilot effort required
for the task can be reduced without signif-
icantly degrading overall system
performance.

Simulator and flight experiments
addressing the Army problem of reducing the
high workload inherent in the low-speed,
low-altitude portion of the nighttime
attack or scout helicopter mission have
been conducted previously by the Army
Avionics Research and Development Activity
(AVRADA) .?* This AVRADA research concen-
trated on the pilot's display, which con-
sists of flight symbology superimposed on
the video cutput from a forward-looking
infrared (FLIR)} sensor; the combined
imagery has been presented both on a panel-
mounted display with o fixed FLIR sensor
and on a helmet-mounted display (HMD) with
the FLIR sensor slaved to the motions of
the pilot's head, The HMD version of this
concept has been adopted as a requirement
for the Army's Advanced Attack Helicopter
(AAH) Pilot Night Vision System (PNVS).*
Preliminary simulations of a system similar
to the PNVS conducted by AVRADA revealed
that although no additional tasks, such as
those related to target search and acquisi-
tion, were required of the pilot, a high
workload condition existed during the
bob-up maneuver in which the pilot
attompted to maintain a precise hover posi-
tion over the ground during vertical
unmasking and remasking. As a result, it
was recommended that the potential benefits
of alterations in the dynamics of the hover
symbology and the implementation of auto-
matic hover augmentation in the aircraft
control system be investigated. The design
of the experiment described in this paper
incorporated those recommendations into a
mnre general investigation of control sys-
tem and display effects on aircraft han-
dling qualities for an attack helicopter
misiion thut included a weapon delivery
task.,

Experiment Design

It was expected that several elements
of the pilot-aircraft-display system would
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interact to determine the worklead required
of the pilot to attain a given level of
performance for the task in question.
Accordingly, three sets of experimental
variables were selected for investigation
in the simulation program:

1, Control system: varying degrees
of stability and control augmentation
including control system failures

2., Display: wvariations in the for-
mat, that is, the location and physical
characteristics of the individual symbols,
and in the logic driving certain key sym-
bols, which determines the dynamics of
those symbols in response to pilot control
and external inputs such as turbulence

3. EBnvironment: variations in envi-
ronmental conditions consisting of steady
wind, wind shear, and turbulence.

Control Systems

For this experiment, the mathematical
model of the unaugmented attack helicopter
consisted of six-degree-of-freedom aircraft
equations of motion which include a simpli-
fied represcentation of the aerodynamic
forces and moments based on both computer-
genorated and flight-test data for the AAH,
No rotor system dynamics were included.

The details of the model arc presented in
Reference 5; tho stability and control
derivatives of the unaugmented helicopter
for the hover condition are presented in
Table 1, The stability and control augmen-
tation systems (SCAS) that were investi-
guted include two systems specific to the
AAH und several hover augmontation system
(HAS) concepts designed for the hover and
low-speecd po ‘tion of the mission. The
actual implementation of these systems for
the simulation is discussed in Reference 5.

The AAH SCAS in hover as implemented
for this simulation consists of attitude
and attitude rate stabilization, airspced
feedback, and control quickening in pitch
and shaped angular rate feedback and con-
trol quickening in roll. The yaw SCAS
compriscs washed-out yaw rate damping aug-
mentation and contral quickening. The con-
trol quickening in all threec axes provides
the agility required for some NOE mancu-
vers., The AAH Attitude Hold feature
removes the control quickening in the pitch
und roll axes and adds a pseudo-heading-
hold feature in yaw hy uppropriate filter-
ing of the washed-out yaw rate feedback
signal. Simplified block diagrams of these
two control systems are included in
Figures 1 through 4.

Three types of HAS were designed for
this experiment, each providing the pilot

with a different form of horizontal veloc-
ity control through the cyclic stick:

1. HAS 1: inertial acceleration
command, velocity hold (IACVH)

2. HAS 2:
(1VC)

3. HAS 3: inertial velocity command,
position hold (IVCPH)

inertial velocity command

The two velocity command systems, HAS 2

and 3, wore designed to provide good han-
dling qualities based on the experimental
data summarized in Reference 2. Specifi-
cally, the equivalent time-constant of the
veloc{ty resgonse to cyclic stick was
designed to be 2 sec in both the longitudi-
nal and lateral axes., The control gearing
was initially set to provide u steady-state
response of 1.2 m/sec of velocity per cm
(10 ft/sec/in.) of cyclic stick deflection,
as 1s suggested by Reference 2; preliminary
evaluations of these systems resulted in a
doubling of the lateral control gearing to
achieve a lateral velocity roesponse of

2.4 m/sec/cm (20 ft/sec/in.) of lateral
cyclic stick deflection in the steudy
state., HAS 1 was designed with the identi-
cal feedbuck structure as HAS 2, but with
an integral-plus-proportional feedforward
to provide stondy-state ucceleration
responses of 0.6 m/sec?/cm (5 ft/sec?/in.)
longitudinully and 1.2 m/scc?/cem

(10 ft/sec?/in,) laterally., The apfroxi-
mate hover transfer functions describing
the appropriate velocity responses for cach
of the HAS are summarized in Table 2, For
01l the HAS, the yaw axis is dosigned as a
rate-command, heading-hold (RCHH) system
with a 0.5-sec time-constant yaw rat:
response to pedal input and a stcady-state
yaw rate response of approximdtely

0.13 rad/sec/cm (0.34 rad/sec/in.) of pedal
displaccment. In hover, the yaw-rate-to-
directional pedal transfer function for the
RCHH system may be approximated as:

R 0.1
iy Ty ey

3.33(s+2.0)0 , - 0.08 5 \ .
& { = 551,072 rad/secc/cm

s+2.

Block diagrams of the three hover augmenta-
tion s%stems are presented in Figures 1
through 3.

Two vertical augmentation systems were
also designed for this experiment, each of
which provided the pilot with a l-sec time-
constant vertical rate rosponse to collec-
tive stick input in the hover; the first
system providey & pure altitude rate com-
mand (RC), the second a rate-command,
altitude-hold (RCAH) feature. The control
sensitivities wore sot to provide
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a steady-state vertical velocity response
to collective inputs of about 1.9 m/sec/cm
(16 ft/sec/in.) in hover. The approximate
transfer functions for vertical velocity
response to collective inputs in the hover
for the two vertical augmentation systems
are:

. [ .
h ,)°f . h |
e T be m/sec/cm
RC (1.34) » L3880
RCAH {1.34(_5.»« 1.01}, 1.39 s
s (s + 1,0)?

Figure 4 includes a block diagram of these
vertical augmentation systems,.

Dead zones are included in the inte-
gral feedforward paths for all the hover-
vertical augmentation systems to prevent
drift caused by the integration of inadver-
tent pilot control inputsy the size of the
doad zones, 0,25 cm (0.1 in.), was
solected to be large enough to prevent any
noticeable drift effects even in turbulent
conditions yet small enough sv as not to
affect adversely the system response to
control inputs,.

The generic characteristics of all the
control systems investigated are summarized
in Table 3. The control force characteris-
tics remained the same for all control sys-
tems throughout the experiment; they uare
presented in Table 4.

In addition to an evaluation of the
AAH control systems and various HAS con-
cepts for the nighttime mission, the
effects of degraded SCAS modes were also
investigated. Specifically, total failures
of cach of the AAH SCAS axes - pitch, roll,
and yaw - individually werc sinmulated.
Finally, a full SCAS Ffailure, resulting in
a controlled vehicle with the characteris-
tics of the unaugmented attack helicopter
was implemented. No attempt was made to
simulate the effects of the fullure tran-
sientsj the evaluation pilut was given the
aircraft in a trimmed condition with the
soclected fallure state already in effect.

Displays

For the nighttime attack helicopter
mission, one function of the pllot's dis-
play is to compensate for the lack of exter-
nal visual cues. It has been demonstrated
that a helmet-mounted display that consists
only of a limited FOV FLIR imuge of the
outside world is insufficient for the low-
speed, low-altitude portion of the mission,
and that superimposed flight-control

symbology can considerably enhance the use-
fulness of this particular displaK medium,?
From the pilot's point of view, three dis-
Elny characteristics determine the suita-
ility of a given set of suﬁerimposed sym-
bology for a particular task:

1. Information content: Is the dis-
played information inadequate, sufficient,
or excessive for the task?

2, Format: Do the location and
physical characteristics of the individual
symbols enhance or degrade the efficiency
of information transfer?

3. Logic: Do the symbols accurately
reflect aircraft status, and do they
respond in an ordexly fashion to pilot con-
trol inputs and external disturbances?

These sets of display characteristics
formed the basis for the display variations
considered in this experiment.

The baseline display format investi-
gated! conslsts of four discrote display
modes - ¢ruise, transition, hover, and
bob-up — that are selectable by the pllot.
Reference 7 describes the operutional
requirements associated with each display
mode as:

1. Cruise: high-speed level flight
en route to the forward edge of the battle
area

2, Transition: low-speocd nap-of-the-
carth maneuvers such us dash, qulck stop,
and sideward flight

3, Hover: stable hover with minimum
drift

4. Bob-up: ununsk and remask maneu-
vers over da selected ground position

The bob-up mode ot the baseline format Is
depicted in Figure 5.

In ordev to explain more clearly the
informatiou content and details of the
baseline symbology for all display modes,
the symbols are divided intec three cate-
gories: central (Fig. 6a), peripheral
{(Fig. 6b), and fire control symbology
(Fig. 6c). The central symbology (Fig. 6a)
changes as a result of the pilot's manual
displuy mode switching; the characteristics
of the four display modes are:

1. Cruise: velocity vector, cyclic
director, and hover position symbols
deleoted

2, Transition: horizon line and
hover position symbols deleted

80-28-4
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3. Hover: horizon line deleted and
hover position symbol fixed at center;
increased velocity vector sensitivity com-
pared to transition mode

4. Bob-up: horizon line deleted;
hover mode velocity vector sensitivity
retained

The peripheral symbology (Fig. 6b) is
invariant with display mode, The launch
constraints symbol (Fig. 6¢) only appears
when the bab-up display mode is selected by
the pilot,

The display variations investigated in
this experiment consist of perturbations to
the hover and bob-up modes of this baseline
format in the areas of information content,
format, and leogic.

Variations in information content were
mechanized in the form of display failures.
They were:

1. PLIR fallure ~ loss of background
video

2., Loss of velocity vector symbol
3. Loss of cyclic director symbol

4. Loss of velocity vector and cyclic
director symbols

5. Loss of all hover symbology -
velocity vector, cyclic director, and hover
position symbols inactive

To explore the effects of variations
in the display format, an alternative for-
mat, consisting of potential improvements
to the baseline format, was Implemented
(Fig, 7). A possible deficiency in the
baseline format was judged to be the sepa-
ration of the horizontal status and command
information (Fig. 6a) from the vertical
status information located on the right
side of the display (Fig. 6b); concentra-
tion on the central symbology could result
in degraded altitude tracking performance
because of (1) the lack of vertical-
horizontal information integration, (2) the
incompatibility of the location of the ver-
tical information with the location of the
pllot's primary vertical controller (the
collective pitch control) located on the
pilot's left side, and (3) the lack of
vertical command Information., The first of
these possible deficiencies was not
addressed in this experiment, As a poten-
tial solution to the latter two deficien-
cies, the alternative format includes the
radar altitude information on the left-hand
side and, in lieu of a rate-of-climb indi-
cator, a collective control director driven
by blended altitude and altitude rate infor-
mation which, when positioned on the

desired value of displayed altitude by the
pilot's collective control inputs, causes
the aircraft to reach and maintain that
altitude. The expression for the collec-
tive director logic is:

ChZ = Kh(h - 100) + Kﬁh

where the gain Kp 1is selected to provide
a scaling ldentical to that of the radar
altitude thermometer, and the gain ratio
Kh/Knp 1is set equal to the value of -2
for the unaugmented aircraft in the hover,
approximately 0.3 sec”!. This format also
includes a horizon line, which remains on
the display in all four modes to provide a
compelling display of aircraft attitude in
hover, and an analog display of low-range
airspeed, presented in 20-knot increments
from -20 to +60 knots,

Possible display deficiencies asso-
clated with the logic driving the central
hover symbology were also identified; as a
result, solution to the following display-
related problems were devised and tested:

1. Inaccurate estimates of aircraft
inertial velocity

2. Difficulty in control of the hover
symbology

3. Loss of valid displayed hover
position error information for large excur-
sions from the designated hover area

For an aircraft neither equipped with
an inertial navigation system nor provided
with data from an external fuidance system,
estimates of inertial veloclty and position
must be derived. from available on-board
sensors., The concept adopted for this
experiment requires inputs from a Doppler
radar, attltude gyros, and linear acceler-
ometers, Low-frequency Doppler drift
velocities are blended with higher fre-
quency estimates of inertial velocity based
on approximate values of inertial accelera-
tion in an effort to provide accurate,
noise-free estimates of inertial velocity
in the horizontal plane. A variation on
this concept, introduced in Reference 3,
requires no linear accelerometer input;
preliminary evaluation of the Reference 3
implementation for this experiment revealed
dynamic indccuracies of the estimated veloc-
ity in response both to control inputs and
to gusts. Both methods were implemented
for comparison in this experiment., The
details of both versions of the complemen-
tary filter logic used to derive the veloc-
ity estimates are presented in the Appendix.

The cyclic director symbol (Fig. 6a)
is used by the pilot in the bob-up display
mode to reach and maintain a precision
hover over a designated position on the
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ground, The expressions that relate the
position of the director symbol to the
location of the hover positlon symbol on
the display are:

- S S
CDX = Ke ['g“—;-—(m-ej-] g + X)-(X + KxX

= S .:
(0]0)'¢ K¢ [mp—] ¢ + Ky)' * Kyy

The values of the cyclic control director
gains and time constants are presented in
Table 5. Preliminary analyses of the
response of CDX and CDY to longltudinal and
lateral cyclic stick inputs in hover with
the baseline SCAS enguged indlcated that
with the displuy gains presented In Refer-
ence 3 some difficulty would be experienced
by the pllot in attompting to null the dlif-
ference hetween these two symbols in a con-
tinuous fashion., Specifically, the ogen-
loop response of CDX and CDY to cyclic
inputs with the nominal display gains is u
double integration (K/s?) for much of tho
reglon of expected crossover. According

to c¢lassical manual control theory (Refl, 6
for example), the controlled element should
be K/s-like in that purticulur frequency
region for ease of control and good closed-
loop characteristics, As a result, un
alternative set of display gulns was syn-
thesized to achieve thls design poal; in
goeneral, different display gains wore
required for the various control systems
implomented, As an example of the diffor-
ences in control director response to con-
trol inputs caused by the sclection of dis-
play gains, consider the responsc of CDX to
longitudinal cyclic stick In hover. With
the baseline SCAS enguaged and the Refer-
ence 3 display gains in effect, the trans-
fer function CDX/68y wmay be approximated

Reference 3 guins, a  K/s?-like response

occurs in thls same frequency range. The
vilues of the alternativo gain parameters
used for this experiment are included in

Table 5.

A final possible deficlency of the
display logic concerned the relatively
high sensitivity of vhe hover position
symbol. With t ¢ buscline dlsplay gains,?
an excursion of 10 m (33 ft), less than the
rotor diameter of the simulated helicopter,
from the designataed hover position will
cause the hover position syrbol to reach
its display limit, Accordingly a nonlincar
scaling technique was devised for thls pur-
ticular symbol which allows its sensitivity
to be relatively high ncar the hover posi-
tion but reduces the scule factor with
increasing distance from the designated
hover position. The alternative scale fac-
tors are expressed as:

Kr w - “x

X ICYER R
and

.Y

Y eyt
where

¢, = the display Limlt, in this cuse 15° of
arc, divided by the desired hover
position scale flactor, Kior Ky.

d = current horizontal distance to the
designuted hover point.

In summary, the investigatlon of these
threo goneral areas of interest resulted in
the following three basic display varia-

i us! tions:

X 1. Hy -~ Bascline display format (Fig. 5) 4
. Ky (s+1.24)(s+1.47) Reference i incq}igl velocity esti- 1
(! X A ) ; 1 mator (Appondix ]
ii (s +0.15)7[s*+2(0.75)(1.62)s + (1.62)7] Reference 3 hover symbology scaling ;

(Table 5)

A j

;' In contrust, with the alternative set of 2. Hy ~ B“SCE{"O display formqt f
jJ display galns, the same transfer function Rev%icdciqirgial veloclty estimator 1

b ! miy be approximated as: A ppencix . " i
“l lternative hover symbology scaling

'S (Table 5)

iﬂ. . (s+0.3)(s+1,24) Five displuay falilure modes

Qﬂi K2 A4 ‘ : , ’
ot (s +0.15)%[s* +2(0.75)(1.62)s + (1.62)?] 3. s, - Alternutive display format (Fig. 7) ;

Cil H, velocity estimator and hover "
éli symbology scaling y
;J The c¢ffect of moving the transfer function Environment -
. zero from 1,47 to 0.3 by changing display y
i giln ratios is to create an arca of K/s- In order to provide a more realistic ;
%'“ like rosponse in a frequency range from environment for the simulation and to ;

{V approximately 0.3 to 1.5 rad/sec. With the assess the effocts of external disturbances, &
l o
" 80-28-6 s A
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a model of low-altitude wind and turbulence
was implemented for the simulation.® Two
levels of disturbances were investigated:
(1) Calm, that is, no wind or turbulenco,
and (2) moderate, consisting of a l0-knot
stoudy wind at the nominal altitude, a
moderate wind shear with altitude varying
from 7 knots ut 6 m (20 ft) to 14 knots at
61 m (200 Ft), and 2-knot rms vertical and
4-knot rms horizontal gusts,

Conduct of the Bxperiment

The experiment was conducted on the
Awes six-degree-of-freedom moving-base
slmulator fucility, designated $.0!, with
the simulator cab modified to include a
typical helicopter instrument panel and
controllers (Fig. 8).

A key element of the simulation wus
the represontation of a4 helmet-mounted dis-
play (HMD) image prosentod to the pilot on
4 pancl-mounted TV monlitor located so as to
roproduce the uctual HMD fleld of view
characteristics: 30 vertical by 40 hori-
zontal degrees of arc subtoended at the
pllot's eye (Fig. 9). 'The black and white
image consisted of flight-control and fire-
control symbology superimposed on the videu
from u simulated forward-looking lnfrared
(FLIR) ser.sor mounted on the chin of the
alrcraft., The simulated FLIR imuferg wos
derived from the camera and terrain board
visuul system; the sculed terrain used for
this experiment is a 400:1 model represen-
tative of the Army's Ft, Hunter-Liggott
fuclility.

Three pilots served as evaluation
pilots for the experiment:

1. DPilot A: Army experimental test
pllot with 3,165 flight hours, 2,450 of
which were in rotary wing aircraft
(~90 evaluations)

2, Pilot B: Experimentul test pilot
with 4,800 fllght hours, I,7 " of which
were In rotary wing aircraft ~12 evalua-
tions)

3. Pilot C: NASA aerospace engineer
and pllot with 7,700 flight hours, 1,160 of
which were in rotary wing anircraft
(-30 ovaluations)

The evaluation tusk for this investi-
gition consisted of severul segments of the
primary attack helicopter misslion, These
segments und the corresponding display
modes follow:

1, Accelorate to aun alrspeed (V) cof
40 knots at 100 ft above ground level (AGL).
(CRUISE)

2. Descend to 50 ft AGL &nd deceler-
ate to a hover near a designated point on
the terrain., (TRANSITION)

3. Hover between 0-50 £t AGL. (HOVER)

4, Bob-up to 100 ft AGL over desig-
nated hover position. (BOB-UP)

5, Conduct target search in uazimuth;
when target designuted, bring target within
the missile launch constraints sand simulate
missile launch. (BOB-UP)

6. Descend to original hover position.
(BOB-UP)

7. Accelerate to V « 40 knots and
depart the arca. (TRANSITION)

Most of tha evaluations were performed for
an abbreviated tusk composed of seg-

ments (3)-(6) above. Each evaluation con-
sisted of two runs of either the full mis-
sion or the hover and bob-up task. Data
collected for each run included system
performance duta, such as hover position
accuracy and attitude and velocity excur-
sions, and the pilot physical workload data
in the form of control activities., At the
end of cach evaluation the pllot was asked
to assign a numerical Cooper-Harper pilot
rating’? to the task from a scale (shown in
Fig. 10) and to provide commentary, based
on o pilot commentary guide, to assist the
gxperimenter in identifying the areas that
most heavily influenced the rating. No
additional tusks were required of the pilot
nor were othor tasks considered in the
evdaluation.

Results

The results of this experiment, based
on an analysis of tho pllot evaluation
data, are discussed bolow in the threo
genoral categories of experimental varia-
bles sclected in the design of the experi-
ment: control system, display, and turbu-
lence effects. This section concludes with
a short discussion of task effects revealed
bK a comparison of the full mission with
the hover and bob-up tusk., In this section,
the intended use of averaged pilot ratings
i1s as a device to indicate general trends;
the statistical validity of this technique
is not implied, The individual pilot's
ratings are included to show the range of
data for sach configuration.

Control System Effects

Figura 11 presents tho gilot rating
results for the hover and bob-up task with
the H; display as a function of control
system type. The AAH control systems,
SCAS and Attitude Hold, in general exhibit
Level 2 handling qualitics for this task.
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Under calm conditions, the hover augmentda-
tion systems improve the ratings into the
Level 1 region; however, with the level of
wind and turbulence simulated, augmontation
of the vertical axis is required to achieve
Level 1 handling qualities.

The rather large variastlon in ratings
given by Pilots A and C to the less sophis-
ticated control systems can, in purt, be
attributed to the different techniques
applied to the same task by the two pllots,
Buased on a comparison of hover performance
data, Pilot A tended to be less aggressive
than Pilot C, indicuted by smaller values
of rms control mntions, appeared to concen-
trate more on horizontal position control
than on precise altitude control, and was
sutisfied to porform the bob-up and weapon
detivery portions of the task one step at a
time. In contrast, Pilot C Iln general used
larger rms control motions in all axes,
uchieved smaller altitude errors but larger
horizontal position errors thun Pilot A,
and attempted to perform the bob-up and
weapon delivery portion of the task as an
integrated, multi-axis task in order to
minimize exposurc time.

Pilot C's ratings and commentury
reflect an inability to perform the task
adoquately in turbulence without both hori-
zontal velocity and vertical augmentation:

SCAS/H, — Pilot C: Difficult hover
position control causéd & breakdown in scan
puttorn and some overcontrol in height.

(PR = 7)

Attitude Hold/H; - Pilot Gt 1 tried
to do the bob-up by c¢IlImbing and yawing uat
the same time and still trying to hold the
hover position and got a little off., I
probably shouldn't have trled it with this
flight control system. Overcontrol in
height, primarily. The scan pattern 1s
still a problem when ono thing gets away
from you. Adequate performance not attain-
able because of height control. (PR = 7)

HAS 2/H; — Pilot C: I used a combina-
tion headIng change and altitude chunge to
bob-up with some overcontrol in altitude,
Target acquisition delayoed because I got
sidetracked in controlling altitude. Tur-
bulence makes height control more of a
workload item. (PR = 6)

Altitude control in turbulence was
also a4 major factor in Pilot A's ratings of
these same configurations although, in his
Judgment, adequute performance was
achleved:

SCAS/Il, ~ Pilot A: It takes real
pilotTattention to malntain a precise alti-
tude., (PR = 5)

YA 1M AR oo s

Attitude Hold/H; .- Pilot A: No prob-
lem in hEb-ur and target wcquisition.
Some sluggishness in tho controls. The
only real problem 1 hud was in altitude
control. I was continually overshooting
with the colloctive inputs but with the
sensitivity of the display I was able to
divide mg attention a little better in
getting back to the hover spot rather than
having to fix my attention on the center
(of the display). (PR = 4)

HAS 2/H; - Pilot A: Vertical axis
required quite a bit of attention.
(PR = 4)

With the additlon of vertical augmen-
tation, Pilot C judged the systom to be
satisfactory witﬂout improvement in
turbulence!

HAS 2A/H, — Pilot C: Marked improve-
ment, ¢ night and day. Display and
control system were compatible. Minimum
of altitude overcontrol. Bobbing-up,
target search, acquisition, dnd firing all
were short and precise, A fairly high
workload task but this is one of the
better systems I've seen. (PR = 3)

IFigure 12 demonstrates the e¢ffects on
pllot rating of control systom failures.
A full failure of the roll SCAS does not
have a significant effect on the handling
qualities; however, failures of tho pitch
or yaw SCAS axes result in significantly
degraded handling qualities for the task,

Display Lffects

figures 13 and 14 show the effects of
display logic and format on pilot rating
for the SCAS und Attltude Hold control sys-
tems, respectively. A general improvement
in pilot rating occurs as a result of the
alterations to the velocity vector logic
and central hover symbology scaling, which
transforms the Hy display to the H;
display; however, no further improvement
is achieved by the display format varia-
tions represented by the S; display.

The PR of 9 assigned to the SCAS/Hg
combination in turbulence by Pilot A
(Pig. 13) came as a result of the pilot's
inability to reduce a large horizontal
position error which was inadvertently
allowed to build up:

SCAS/Hg — Pilot A: I really had vo
fight to keep up with hover position con-
trol; I was continually overshooting. I
don't think I ever did roach a precise
hover. At one time, the location of the
hover (position symbol) went to the full
extreme of the display. I was £75-100 ft
on altitude. 1 wus spending so much timc
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trying to get back to the hover goint that
I would only cross-check the altitude every
80 often and make a small (collective con-
trol) change., (PR = 9)

With the modified dynamics of the H; dis-
play, horizontal position control with the
SCAS continued to demand significant pllot
effort, but Pilot A judged system perfor-
mance to be adequate in turbulence.

SCAS/H,; ~ Pilot A: 'The sensitivity
of the cyclic director seemed to be fairly
high compared to the reaction of the air-
craft itself. I felt at times as though I
was chasing the ball in order to get back
(to the hover position). (PR = 5)

Figure 15 demonstrutes the effects of
the display fallures investigated in this
cxpoeriment, A general degradation of pilot
ruting occurs as a result of thesc failures
with the exception of the FLIR failure simu-
lated by a loss of the background video;
pilot commentary indicates thut the result-
ing improvement in display contrast allowed
4 more precise control of horizontal posi-
tion and improved performance in target
dcquislition, hence the improvement in rat-
ing. With the '"best" control system for

the task in turbulence, HAS 2A (see Fig. 11),

the effocts of the display failures evident
with the SCAS were considetrably reduced.
Bven with a full fuilure of the hover sym-
bology, the handling qualities of the more
highly augmented system did not degrade to
Level 3; in contrast, the failure of the
velocity vector and cyclic director symbols
yielded Level 3 handling qualities with the
baseline SCAS.

With the velocity vector failure in
effect, no explicit indication of transla-
tional rate was available to the pilots;
however, cycllic dircctor information con-
tinued to be provided:

SCAS — Pilot A: The lack of velocity
informatlon really hurt me in hover mode. I
wis trying to use my alrspeed indicator to
give me at least fore-and-aft positioning
information; the moving box in bob-up pro-
vides a sccondary velocity cue over the
ground. (PR = §)

HAS 2A ~ Pilot A: A little problem in
the hover phase, but by just switching to
the bob-up display, the motion of the box
gave mo a pretty good velocity cue. (PR=4)

Without the cyclic director, no
explicit guidance for hover position control
was provided to the pilots:

SCAS — Pilot A: I was completely
overcontrolllng, bypassing my desired hover
point. By the time the velocity vector
would generate, I would have to make another

input in the opposite direction. The
Edirector) information is really required.
PR = 6)

SCAS — Pilot C: Heading and altitude
control went to pot during bob-up because
of a saturation in pilot workload required
for positioning. (PR = 7)

With the hover and vertical augmentation
system, the effects of the same display
failure were not as evident:

HAS 2A ~ Pilot A: No tendency to
overcontrol., 1T was able to fairly pre-
clsely get to the hover point. Any time I
was off, I could muke an attitude change
and see the results fairly quickly to get
back to the point. (PR = 4)

HAS 2A — Pilot C:
easy to perform,
(PR = 3.5)

Total task fairly
No display problems.

With no explicit translotional rate
information or cyclic control director
guldance, the SCAS was judged to be inade-
quate for the task:

SCAS — Pilot A: In hover mode, I had
to rely on the background for fore-and-aft
and lateral drift and then cross-check air-
speed for fore-asnd-aft translation. Just
by making attitude changes ln the lateral
axls therc was @ complete tendency to over-
shoot and go too fay in one direction. 1In
the bob-up mode, I tended to overshoot and
overcontrol in a4ll axes, My concentration
was on the center of the display, and,
therefore, my altitude was off, 1 was
really aware of some pretty healthy atti-
tude inputs that I made. (PR = 7)

SCAS — Pilot C: During the bob-up
mode, position over the hover box was gross.
I had a very hard time having the right
attitude to even stop the thing, . . . poor
height control because of workload satura-
tion in position control. (PR = 7.5)

However, with hover and vertical augmenta-
tion, the system was judged to be adequate
for the task, even with the failure of the
velocity vector and cyclic director:

HAS 2A — Pilot A: In bob-up, while
the concentration was high, it wasn't
impossible to fly to the (hover position
symbol) by making attitude changes on the
aircraft. The npgarent sensitivity of the
aircraft translating over the ground was
not so high that you couldn't control it
even when there was a deviation from the
desired hover point, (PR = 5)

HAS 2A — Pilot C: The missile could
be launched within Iimits and I could
return to my original hover spot fairly
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readily ~ with a fairly high workload,
though., Pretty hard to do three things.
I'm surprised I did as well. As long as
you dldn't get large errors in position and
velocity, you could pretty well keep it
under control. (PR = 6.5§

Finally, with all of the hover symbols
inactive, Pilot A still judged the system
to be adequate with hover and vertical aug-
mentation. In this display fuilure mode,
only the background video was available for
horizontal position information:

HAS 2A — Pilot A: As long us I was
at 50 ft and I had a definite reference
point in front of me, fairly close, [ was
able to use that information for lateral
positioning, I really did use the back-
ground, As I went higher to 100 ft, I lost
the reference in front of me, and I picked
up a pretty healthy lateral drift. Without
good attitude informution, you are going to
build up some high lateral drift at the
higher altitudes. Airspeed provides some
information on fore-and-uft drift. (PR=6)

Turbulence Effccts

, The steady wind, wind sheusr, uand tur-
bulence simulated for this'experiment in
gonerul degraded pilot ratings for the
hover .und bob-up .tusk., Figures 13 und 14
demonstrate this turbulence effect as well
as the ilnabllity of the displn{ variantions
investigated to "wind-proof' the system,
Only the hover augmentatlon control systems
that included augmentation of the vertical
axls provided an apparent insonsitivity to
turbulence (Fig. 11):

HAS 2A/H; — Pilot €: The aircraft
took wind und turbulence quite well,
(PR = 3) :

Task Bffects

Figurc 16 compures the ratings recelved
from Pllot A with the SCAS and Attitude
Hold systems for the full mission with the
average of Pilot A's ratings for the hover
and bob-up task., The similarity of his
ratings of the, SCAS for bhoth tusks, as well
us pilot commentary, indicnates that the
hover and bob-up tausk is a dominant factor
in his-evaluation of the SCAS for the full
mission, In contrust, the dogradatlon of
his ratings of the Attitude Hold systom for.
the full misslon indicates, according to
pllot commentury, the unsuitablility of this
particular system.for the maneuvers
required during accelerating and decelerat-
ing transitions; this system -wns downrated
primarily becuause of the slugglshness evi-
dent in the pitch and yaw axes,

- !

Conclusions

A plloted simulator investigation of
the esffects of variations in control system
churacteristics and display format and
logic on handling qualities for a nighttime
attack helicopter mission was conducted on
the Ames six-degrec-of-freedom moving-base
simulator facllity (S8.01). The following
conclusivons are basod on the pilot ovalua-
tion datu obtoincd from that investigation:

1. The handling qualities of the
baseline control/display system are unsatis-
factory without improvement for the task
under consideration in this Investigation,

2. Improvements in the handling qual-
lties of the baselinc system muy be
achieved by either control system or dis-
play modifications or both,

3. The display modifications that
provide the most significant improvement in
pilot rating are the increascd accuracy of
the velocity vector sgmbol drive logic and
the rescaling of the hover symbology based
ot the characteristics of the controlled
vehleley the variations in display format
investigated provided no significant
improvements. The information contont of
the baselino display format is satisfactory
for the task. - :

4. TFor the hover und bob-up task in
moderate turbulence, o horizontul veloclty
command system and urtificial augmentation
of the vertical axis are required for
satisfuctory hoandling qualities,

5. A failurec of the baseline pitch
SCAS oven wlth the improved hover symbology
dynamlcs yields n system that is not ade-
quate for the tuask, Wlth the bascline
SCAS, the loss of displuyed cyclic control
director and horizontal inertinl velocity
information ulso yields un inadequate sys-
temi; a hover and vorticul augmentation sys-
tem with the same display fulilure ylolds
handling qualities that are adequate but
still unsatisfactory for thu task.

In general, the Single-mode SCAS
reprosented by the baseline system is not
satlsfactory for the entire nighttime
attack helicopter mission; tho requivemonts
for the hover, bob-up, and weapon delivery
tasks are sufficiontly different from thosc
for the higher speed flight tasks that
widely difforent controlled vchicle charac-
teristlcs ave necessary for those mission
sogments for a sutlsfuctorﬁ systom ovorall,
Finally, tho dynamic¢s of the central hovor
symbology portion of the pilot's display
must be designed to be compatiblo with the
dynamic charactoristics of the controlled
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Inortiul Velocity

Rstimation Lopic

The purpose of the complementary fil-
tor loglc lnvestigated in this oxperimont
is to genorate accurate, nolse-froov esti-
mates of aircruft inertiul velocity In the
horizontal plane., These velocity compo-
nonts muy then be usod as varlables for the
display or control systom to assist the
pilot in reaching and maintaining o precl-
slon hover. Assuming no external guidance
source, the logic Includes inputs from a
Doppler radur, pitch and roll sttitude
gyros, and longitudinal and lateral lincar
accelerometers, The Doppler drift veloci-
[ ties provide the low-frequency component

Vo of the estimated inertial veloclity; the
E@ : higher frequency portion of the estimate ls
1

|

!

P TR TR A Y

s T

based on approximate values of inertial
. acceleration,

For small valuos of pitch and roll
attitude, the appropriate inertial acceler-
| ations may be exprossed in terms of the
moasured linear accelerations and aircraft
' attitudos as:

o S

L @
X dy + UZO

I T

) $ & Uy = 8y0

whore 4ayx and ay dre the accelerutions as
measured by body-axis mounted linear accel-
erometers at the alrcraft center of gravity.

The filtered estimates of inertiul
velocity may then be expressed in general
4!

e

- [’r;lrr]** [rm%r(‘rsm]@x *ay0)
1 1s IT,s ¢
} [TE*FT]V*'[(TS +Iii%ﬁs"¥77](uy T dz¢)

The filter time constant T 1is selected
ideslly based on the relative noise charac-
teristlcs of the sensurs with consideration
given to the filter scttling time for the
mission,

e

The ubove expressions wero implemented
for the Roference 3 experiments with some
simplifications. Specifically:

were assumed negligible

1. ay und a
Xe a0 and az¢ terms,

with respect to t
respectively

2. 1-g flight was assumed, that is,
ng kg

The value of T, was selected to be 10 sec
and T varied from 0.1 to 10 sec over a
10-svc period from the time the hover dis-
play mode was solected by the pilot. The
Hg display, therefore, includes the fol-
lowing legic for the velocity vector:

. 80-28-11

R ey e N

) ' AL
o Aot wannd D v el G A

.t e - ”777".‘."‘,?““""“,*"-

AN

ey gy At

T ik O ol

T

P R

T i i el S S L




e TD s

¢ 1 T 10T

(X" [I‘It§s+1]x i g“"litis*-étliisﬁs*hge
¢ 1 . 10T (t)
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No noise was simulatec in any of the filter
inputs; the purpose of the experiment
included only an assessment of the effects
uf the filter charact:ristics on handling
qualities, and the effects of noise were
judged to be outside the scope of the
investigation.

In the presence of wind and wind
shear, the lack of linear accelcrometer
sata in the Reference 3 implementation
results in a generally incorrect dynamic
response of the estimated velocities to the
changing wind conditions. In addition,
ceven assuming the Doppler velocities and
high-frequency inertial acceleration esti-
mates to be perfect, the selection of the
values of T and Ty to be identical at
10 sec in the steady-state results in a
transfer function of the estimated velocity
to the actual velocity of:

(X)“O CY)HO
x0T Ty

L 824+ 200.5)(0i1)s + (D.1)°F
(s + 0.1)2

This relationship implies significunt
crrors of the estimated velocity in both
magnitude and phasce angle in 4 frequency
reglon of importance to the pilot; specif-
ically, the shove system exhibits a 6 dB
droop at a frequency of 0.1 rad/sec and a
24° phuse lag at 0.05 rad/sec,

As dn alternative to the Reference 3
logic, the following modifications were

1. The terms ax and ay were retained
in tho expressions for inertial accelera-
tion.

2. The filter time-constant T wis
set at a constant value of 3.33 sec to
reduce the errors induced by the l-g flight
assumption, This value corresponds to the
heave damping time constant of the unaug-
mented ajrcraft in hover,

3. The value of T, remained
unchanged at 10 sec. Assuming perfect
inputs as before, this selection of time
constants resdlts in:

g ¥
(x)l'lllsl i} (YJHL_,SJL
X y

. 5%+ 2(0.88)(0.17)s + (0.17)%
(s + 0.1)(s + 0.3)

which minimizes the eirors in gain and
phase evident in the Reference 3 implemen-
tation; the mid-frequency droop is reduced
to 2 dB and the maximum phase lag is
approximately 12°,

As a result of the above modifications,
the filter logic implemented for the H,
und S§; formats is:

1 1 '
(X)Hl’sl ht [3‘?‘33—-"‘1'5 T -IX

+[ —_— fs.Ss — ](“x - g0)

made for the H, and S, displays: 3
+[ 3.33s 33.35 s + ](ay *8¢)
TABLE 1. Buady-Axis Stability and Control Derivatives (V = 0),
lfft’%ff? ‘(/r’.t%:‘fg Yl"t%z'z(): p, rad/sec q, rad/sec r, rad/sec A‘s' deg B‘s' deg 64, dog O deg
fft?é:ﬁg; -0.0185  0.004 0.0 (4G s o (0650 035 .0
B esew e DUE R @ 8 8%
Ges) oo ooz oz gk 0986 & 0058 (4n  ©0)
L, rad/sec? (8:8) (jgjgggg) (jg:ggf) -2.86 -1.2 0. 0.04 -0.1 0.06
M, rad/sect gr00%% 00008 (jgzgggig) 0.22 -0,5092 0. .0.1242  -0.0014  -0.0022
N, rad/sec? 00, 0003 (000 01883 -05 -0 0.003  0.1618 -0.08
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TABLE 2, Hover Augmentation System Transfer Functions.
. - 4 1 .
X L X =15, .
T -6—-, B—{; m/sec/cm -GLa 5 Kst m/sec/cm
HAS 1 _ 1, 97(s+ 1,22 0.63(s+0.5)1 , 7,62
(IACVH) " 570.5) (s+2.0)2 5 (s+0.5)(s+2.0)?
HAS 2 . 1,22 7.62
-1.97 } 0.63}
(IvC) { ] (s+0.5)(s5+2.0)2 { l (s+0.5) (s + 2.0)?
HAS 3 C1.97(s* O.S)l . 1,225 | {0.63(s+ o.sl] ) 7.62s
(1VCPH) s (s+0.5)2(s +2.0)2 5 (s+0.5)2(s+2,0)?
TABLE 3, Control Systems — Generic Characteristics.
CONTROL
SYSTEM PITCH ROLL YAW VERTICAL
AAH Pitch rate, attitude, Shaped roll rate feed- Washed-out yaw rate No augmentation
SCAS and airspeed fcedback; back; control quicken- feedback; control
cuntrol quickening ing quickening
AH Conirol quickening Control quickening Same as SCAS with No augmentation

Attitude Hold

romovad from

removed from SCAS

different shaping of
yaw rate feedback

HAS 1 IACVH IACVH RCHH No augmentation
HAS 2 IvC Ve RCHH No augmentation

2A IvVC IVC RCHH RCAH
HAS 3 IVCPH IVCPH RCHH No augmentation

3A IVCPH IVCPH RCHH RC

3B IVCPH IVCPH RCHH RCAH
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TABLE 4. Control Force Characteristics.
CONTROLLER

CHARACTERISTIC

LATERAL LONGITUDINAL DIRECTIONAL COLLECTIVE
Force gradient, 0.5 0.9 12,3 Adjustable
N/em (1b/4in.) (0.3) (0.5) (7.0) friction
Breakout force, 5.8 4.5 31.2 Adjustable
N (1b) (1.3) 1.0 7.0) friction
Travel, 11,4 12,7 7,0 0-30.5
cm (in,) (34.5) (t5.0) (%2.75) (0-12)

TABLE 5, Display Gains (Hover and Bob-up Modes).

DISPLAY
GAIN PARAMETER® unrrs?
Ho Hh . S
SCAS  ATTITULE HOLD  HAS

K, 6.6 3.3 3.3 3.3 °/m/sec
(2.0) (1.0) (1.0) (1.0) (°/ft/sec)

K? 6.6 3.3 3.3 3.3 °/m/sec
(2.0) (1.0) (1.0) (1,0) (°/ft/sec)

Ty 10.0 50,0 10.0 2,5 SEE  sec

K, 0.763 1.89 0,350 0.225 H,  °/deg

T, 10,0 6.67 3.7 2.5  GAINS dog

K, 0.763 0.760 0.520 0.225 °/deg

kS 1.49 0.7 0.7 0.7 °/m
(0.4545) (0.2) (0.2) (0.2) (°/ft)

Kyc 1.49 0.7 0.7 0.7 °/m
(0.4545) (0.2) (0.2) (0.2) (°/£t)

UMaximun deflection of hover symbols is t15°,
bThe degree symbol (°) denotes degree of urc subtended at pilot's eye.

H, and S, displays use nonlinear position scaling technique defined
in the text.
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SCAS/ATTITUDE HOLD:

MEGHANICAL 5.0
| N s
. 5., om +
11859 - dey
+ 5
SCAS 15,71 3
CAS_FILTER / rodoac
-4.868 (5+1.750) .
{S+.145) (§+.147) (S+3.45) ATTITUDE 2.7 e | SAS
5 HOLD o
i 00284 |o—
HOVER AUGMENTATION S8YSTEMS: u, miuo |
, MECHANICAL 5.0
: LINKAGE LONGITUDINAL
bqs 0M CYCLIC ACTUATOR,
» -1.18 deg
9,
UKQH [ rad/sec
UKDELE
UKTHETH | +——— 0, rad
DEAD |ZONE
-0.26
mn —»{ UKDELE
+0,26
om
| UKXD X, m/see
HABY | HAS2 | HABA
{1ACVH)| (ive) [lveeH)
; UKaH 3076 | 30.76 | 30.76 UKX
! UKTHETH | 4227 | 42.27 | 4227
i UKXD 0823 | -0.823 | -1.647
UKX 0.0 00 | -062
UKDELE 079 | 079 | -0.79
UKDELEl | 098 | 00 [ -088
Figure 1. Advanced helicopter control systems — pitch.
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SCAS/ATTITUDE HOLD!

MECHANICAL -1.78
LINKAGE LATERAL
8., em CYCLIC ACTUATOR,
z 0.81 3% . deg
+ +

CAS FILTER

SCAS

0,3878 ($+2.3}

-/ .

SAS

A9892.3) L, p raci/see

(840.2) {5+0,2} (5+0.769) ATTITUDE (8+0.2)
HOLD
HOVER AUGMENTATION 8YSTEMS:
MECHANICAL 75
LINKAGE LATERAL
By, om . l CYOLIC ACTUATOR,
2 0,81 dey
UKPH  fat——p, rad/ssc
UKDELA {
UKPHIH o 9. rad
oa;é: ZONE
-0. /
om {2 UKDELAI UKYD ¥, m/sac
+0.26
om
UKY

HAS1 | HAB 2 | HAB3

{IACVH) | (IVC) | (IVEPH)
UKPH -2.0 «2.0 -0
UKPHIH -7.28 | -1.28 |-7.28
UKYD -0.1063 | -0.1063{ -0.2106
UKY 0.0 0.0 =013
UKDELA | -0.18 |-0.18 -0.18
UKDELAI | 0.31 0.0 0.31

Figure 2, Advanced helicopter control systems — voll,
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AL 1 e gt ey g

|
1
H
BCAB/ATTITUDE HOLD: P
MECHANICAL 0.28 Pod
' LINKAGE TAIL ROTOR Lo
8, am ™ R CTUATOR L
-3.33 P " T dey
: .
| CA8 FILTER scAs
- 4448 $+11 o | v
i §+0.3) (§+8.0 %01 [arnruoe | 302 tad/mo
; HoLD
i HOVER AUGMENTATION 8VSTEMS: 8AS
' MECHANICAL 9.26
g LINRAGE TAIL ROTOR
‘ 5, om ACTUATOR
. ! —] -3.33 — dn

L UKDELR /\7-—- UKR t, red/sac
5-5?? ZONE

! . + +
%—L = UKDELRI uKPs

, +0,26
. om
: RCHH
| I UKR 45.47
: UKPSI 61,08
' UKDELR | 0.0
i UKDELR! | -6.86
[
|

Flgure 3. Advanced helicopter control systems — yaw, V < 50 knots.
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MECHANICAL: MECHANICAL 1.0

LINKAGE l
boiom +
¢ 0.67 %% COLLECTIVE

-/ ACTUATOR, deg
VERTICAL AUGMENTATION SYSTEMS:

MECHANICAL 1,0

LINKAGE
: L] o o7 + COLLECTIVE
E ‘ ¥ N ™ ACTUATOR, day
i
i —{ UKDELC }——" UKHD h, m/wce
; 1
«;» [y
j T
¥ \ + "
i —"%L UKDELCI smmmee!  UKH
m +0,25
4 am
i‘»
g RC RCAH
UKHD 08032 | -1.222
f UKH 0.0 07192
0 UKDELC 0.78 078
UKDELCI 0.0 134
.
: Figure 4. Advanced helicopter control systems — collective.
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%'4 Hg, Hy FORMAT
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' 3 3
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i
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l\! \NP oo
H 40 ~a | 100
: ~
~u" ! =~ 50
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P‘-‘”-I : .
R O 808.UP

Figure 5. Bascline display format.
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O Uy P S Woa s e eememrerass |

T S 8 T,

8YMBOL INFORMATION

1. Aircraft referance Fixed raferance for horizon line, velocity vector,
haver position, cyclic director, and fire control symbols

T L g 3

N 1
y 2, Horizon line Pitch and roll attitude with respect to sircraft reference
3
: / O—t {erulse moda only) {indicating nose-up pitch and lett rali)
: ~ ~ — Ve 3, Valodity veator Horizontal Dopplar veloaity companants (Indicating
~ - | forward end right drift velocities}

D -~ 4. Hover position Dasignatad hovar position with respsot to siroraft
~ ~ referance symbol {indicating alrcratt forward and to
4 ~; right of desired hover position!
] 8. Cyclic director Cyalic stick d with respect to hover positi

symbol {indicating laft and aft cyclio stick required to
returh t designated hovar pasition}

' (4) Central symbology.

; W 30 a N €
; (A W S SR S S
. [ N\ SYMBOL INFORMATION
; (ook] ™ e 7 50
! ———200 6. Airoraft heading Moving tape indication of hasding {indiosting North)
i 7. Haading error Hending at time bob-up mode wisctad {Indicating 030)
| = 160 8. Redar alititude Helght sbove ground level in both analag and digital
> form {Indiceting 50 tt}
9 Pp+—100 9. Rutw of olimb Moving pointer with full-scale deflection ot 11,000 tt/min
40 1" (indicating O ft/min)
%0 10, Lataral scceleration Inclinomater indicetion of tide foros
t I + 1 Alrspoed Digitel readout in knots
: . L 12, Torque Engine tarque in perosnt
g 10 8
i
¢ ) .
I (b) l‘crl.phcr“ symbology.
! 30 33 3 [ ] E
: | * [ N |
15 SYMBOL INFORMATION
13. Gued line of sight Overlays designated targat position on background video
whan target is in displey tield of view
14, Coare targst location Duwignatsd target position with respact to display tield
. I of view {Inner rectangls) and sensor limits (outer rectangle)
T
: i " 18, Terget basring Designated target bearing (ingicating 330° or 30° to left
i ° of current haading)
¥
; 0 18 18. Target location dots Niumination of two adj dots indicates display
o . quadrant in which designated target is located
H i
f P 17. Misslle launch Limits with respeat to sirorats raference for successful
1o condtrsints waspon look-on to designated target
i
I b w0
; E (¢) Fire control symbolegy.
i - Figure 6. Display mode symbology.
10
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81 FORMAT

W £l k&) N 3 [} E
L1 1 3;1 i [N }\1 |
* pigitaL 9
2001~ [706%] Torauk AIRSPEED .
1804 .
1£°
100114 = * ¢ ANALOG
L S
COLLEC- | — l AIRBPEED
TIVE [:] - »
so-Ll DIRECTOR - _
I ~
i. I HORIZON LINE
1 i (ON ALL MODES)
RADAR HOB-UP
{  ALTITUDE o

Figure 7. Alternative display format.

b

Figure 8, NASA-ARC S.01 simulator, Figurc 9, §.0l cockplt arrangcment,
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HANDLING QUALITIES RATING SCALE

r ADAQUACY POR BELECTID YABK OB AINCRAPT DEMANDBON THE PILOT PILLT
ARUUINED OPERATION® CHARACTIRISTION IN BELECTED TASK OR REQUIRAD UPERATION' NATING
Encellont Piltl companiation el & faeion dor -
Highly devirasle desirard patfoimants
Good PiIBE companiation nut & falar lor
Negligtile tieliencio debtaud patfurmance
Fan - Bame miklly Mt pilsd eronpantstion trguned for
Huiled 10t
I Wi lnn;fnr}nuvn.w Uobirge) st ataticd requires l|lud'llll~
delicimnein IO gompantatiun
Dehuiencio - SN —
Moderately nliectionably Aduquals et lurmance tequitey
4 A —*thmnml rntidraliv prt esmpsmebun
Vary hjeclionplite bt Auoquate prrtin e teayuitel ente
inigiale tolicinict il gampensat o

Major e licishviey
1 sdaipunte

Adbpyate periurmance has allamatile wih
wpkirnum Hileealils kol eomipeg
Cantrglatihly Betin quesiion

B0 for Moo
Aisineble with » tolerable
Bilsh wurkived?

L Tauuine »—4’—

Isipruvment Major dehciencies

Cattigher ity priut companselion 14 reduiten
lot tualeot

Major delicnn

Inimige inlst M RABILLN S 1gyita) 1o
tetdli cunnnt

lr::'lmlv:l':"vﬂl H’Mu]m Urhicwncims

Cantryt will be [ost dursing sam pat i ol
rRgUIa] tp SUDY

r Pilot deuisions A3ehoinn ol psiiaiesel sgiaes it isvateas dasgnation of Hight phate andfue
et Canpth-Hawer  Hot NASA TRD B16Y (il W S EDIIDINY 1Y Lariktieny

COMPENSATION

The meussure of additional pilot effort
ond attention required to maintain @
given level of parformanca in the fuce of
debuient vehicle charactenstics,

HANDLING QUALITIES

Those gualities or charactenstics of an
alrcraft that govarn the ease and preci-
slon with which a pilotis able to perform
the tasks required in support of an air-
craft role.

MISSION

The composite of pllot-vehicle functions
that must be performed to fulfill opera-
tional roquiteiments. May ba specified for
a role, complete flight, flight phase, or
flight subphase.

The intograted physical and

DEFINITIONS FROM TN-D-5153

PERFORMANCE

The procision of control with taspect to
altgraft movament that a pilot 1s able to
achieve in parforming a task. (Pilot-
vehicle performance is a measuta of
handling perfarmance. Pliot perform-
ange Is a measure of the manner o
afficiency with which a pilot r.oves the
principal controls in perfarming a task )

ROLE

The function or purpose that defines the
primary use of an aircraht,

TASK
The actual work assignad a pilot to ba
performed i completion of or as repro-
santative of a designated fight sagment.

WORKLOAD

mental effort required

to perform a specified piloting task.

Figure 10. Cooper-Hurper pllot rating scale..
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PILOT RATING

1
LEVEL1

HOVER/BOE-UP

Hy DISPLAY
PILOT A
PILOT C
AVERAGE
UNFLAGGED-NO TURBULENGE

FLAGGED-TURBULENCE

00D

(SATISFACTORY) 2_
3
— ——— em— — — — — —
LEVEL 2 4.
ADEQUATE 5
< BUT ) _ . MODERATE
UNSATISFACTORY B[‘ WIND/TURBULENGE
—-—-—-»—-O——-———-—u-———..__.——.—-_._ ———
7 a (o] [0} (o]
LEVEL 3
ACCEL. CMD, VEL, CMD. HAS 3/VERT,
(INADEQUATE] 1 VEL.HOLD  POS. HOLD VEL. CMD.
o __9 SCAS |,  HAs ) (HAB 3} [HAS 3a)
ATTITUDE VEL, CMD, HAS 2/VERT,  HAS 3/VERT,
HOLD (HAS 2) VEL, CMD, VEL, CMD.
{HAS 2A) POS, HOLD
(HAS 3B)

CONTROL 8YSTEM MODES

Figure 11, Pllot rating results — control system effoects,

HOVER/808-UP
MODERATE WIND/TURBULENCE
Hq DISPLAY (8CAS DISPLAY GAINS!

PILOT A
g #LoTC
pILOTRATING @  AVERAGE
1
LEVEL 1
{SATISFACTORY)
3 A
4
LEVEL 2 "
ADEQUATE  \
aUT
UNGATISFACTORY/ [
8
7
LEVEL 3
{INADEQUATE)
9
e . oo 1 1. L [ S |

FULL  PITCH  YAW  ROLL  SCAS
SCAS 8CAS 8CAS §CAS
FAILURE FAILURE FAILURE FAILURE

CONTROL SYSTEM

Figure 12, Pilot rating results - control
system failures,

HOVER/BOB.UP

SCAY
A PILOTA
1 PILOTA
G PILOTC
PILOT RATING @ AVERAGE
" UNFLAGGED-NO TURBULENGCE
X FLAGOLD-TURBULENCE
LEVEL 1 2
{SATISFACTORY) “ | CALM
3d
LEVEL 2 4
ADEQUATE
BUT |
UNSATISFAGTORY/
?
, L MODERATE
LEVELS .| WIND/TURBULENCE
{INADEQUATE) ° |
9 A
—— — 1 i 1
BASELINE REVISED ALTERANATIVE
DISPLAY HOVER FORMAT
(Hy} SYMBOL 184}
DYNAMICS
(H1)
DISPLAY

Figure 13. Pilot rating results - display
cffocts (SCAS).
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HOVER/BOB-UP
. ATTITUDE HOLD
{ A PMLOTA
. O PiLOTB
o FLOTC
® AVERAGE
UNFLAGGED-ND TURBULENCE
PILOT RATING FLAGGED-TURBULENCE
1
LEVEL 1
(SATIBFACTORY) 2
3
LEVEL 2 4
ADEQUATE sl
( A ) - MODERATE
UNBATISFACTORY/ g | yiND/TURBULENCE ©
? d d
LEVEL 3 ol
(INADEQUATE) L
9 i 1 1
BABELINE REVIBED  ALTERNATIVE
DISPLAY HOVER FORMAT
{Hg) SYMBOL {89)
DYNAMICS
(Hy!
DISPLAY
Flguro 14, DPilot ruting results - dlsplay effects (Attitude Hold).
PILOT RATING HOVER/BOB.UP
a MODERATE WIND/TURBULENCE
y A PILOTA
O plLoTc
LEVEL 1 I ®  AVERAGE
{SATISFACTORY) 2 UNFLAGQED-6CAS
L FLAGGED- HAS 2A
LEVEL 2
ADEQUATE
( BUT )B
UNSATISFACTORY,
8
7
LEVEL 3
(INADEQUATE) 8
9
______ l i 1 | L —
HOVER  VECTOR/ GYCLIC VELOCITY  FLIR Hy
3YMBOLOGY DIREGTOR DIRECTOR VECTOR FAILURE
FAILURE FAILURE FAILURE FAILURE
DISPLAY
D Figure 15, Pilot rating results — display fallures.
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i 1
|
" H }
; * TASK EFFECTS : '
: ¢ MODERATE WIND/TURBULENCE
‘B s PILOTA
CONTROL MIBSION
| MODE PHASE
. & BCAS FULL
& soAs HOV(E :/ac'a)u-up
. PILOT RATING 0 ATT.HOLD FULL z
. 1 HOVER/BOB-(IP
’ ! ATT. HOLD
¥ LEVELY . (Ava.)
: (SATISFACTORY) 2 ATTITUDE
5 —— 8. Mo I
ﬁ( LEVEL 2 4 |
y ADEGUATE
E BUT B ;
UNSATISEAGTORY/ .
. e e e [ — e i g )| e e et . —— — {
N ? i
i) LEVEL 3 g A soAB
= (INADEQUATE) B ;
— - — L4 L -y i '
BASELINE  REVISED ALTERANATIVE
_ DISPLAY ~ HOVER  FORMAT |
; {Hg) symiol (84)
: DYNAMICS
(Hy)
§ DISPLAY

Figure 16, DPilot rating results ~ tusk cffects,
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